ABSTRACT Background: In vitro and in vivo studies suggest that carotenoids may inhibit bone resorption and stimulate proliferation and differentiation of osteoblasts. Few studies have examined the association between carotenoid intake (other than b-carotene) and bone mineral density (BMD). Objective: We evaluated associations between total and individual carotenoid intake (a-carotene, b-carotene, b-cryptoxanthin, lycopene, and lutein1zeaxanthin) with BMD at the hip, spine, and radial shaft and the 4-y change in BMD. Design: Both cross-sectional and longitudinal analyses were conducted in 334 men and 540 women (mean 6 SD age: 75 6 5 y) in the Framingham Osteoporosis Study. Energy-adjusted carotenoid intakes were estimated from the Willett food-frequency questionnaire. Mean BMD and mean 4-y BMD changes were estimated, for men and women separately, by quartile of carotenoid intake with adjustment for age, BMI, height, physical activity index, smoking (never compared with ever smokers), multivitamin use, season of BMD measurement (for cross-sectional analyses on BMD only), estrogen use (in women), and intakes of total energy, calcium, vitamin D, caffeine, and alcohol. Results: Few cross-sectional associations were observed with carotenoid intake. Associations between lycopene intake and 4-y change in lumbar spine BMD were significant for women (P for trend ¼ 0.03), as were intakes of total carotenoids, b-carotene, lycopene and lutein1zeaxanthin with 4-y change in trochanter BMD in men (P for trend ¼ 0. 0005, 0.02, 0.009, and 0.008, respectively). Conclusions: Carotenoids showed protective associations against 4-y loss in trochanter BMD in men and in lumbar spine in women. No significant associations were observed at other bone sites. Although not consistent across all BMD sites examined, these results support a protective role of carotenoids for BMD in older men and women.
INTRODUCTION
It has been estimated that almost 10 million Americans have osteoporosis (1) , and low bone mass is a major public health threat for almost 44 million people in the US population aged !50 y. Studies have consistently shown that higher fruit and vegetable intakes have positive effects on bone mineral status (2) (3) (4) , and that fruit-and vegetable-specific antioxidants, such as carotenoids, may decrease oxidative stress (5-7) arising from reactive oxygen intermediates that may be involved in the boneresorptive process (8) (9) (10) (11) . Therefore, carotenoids might help prevent osteoporosis (12) .
Data from several in vitro (13) (14) (15) (16) and in vivo (7, 17, 18 ) studies suggest that further investigation into the relation between carotenoids and bone health is warranted. To our knowledge, only one observational study has examined the association between dietary intake of individual carotenoids (other than b-carotene) and bone mineral density (BMD), and there were conflicting associations with individual carotenoids. One other study found no association between dietary b-carotene and BMD in women (19) . The published literature shows that individual carotenoids are associated with chronic diseases. For example, a high concentration of serum lycopene correlates with a reduced risk of prostrate cancer (20) and digestive tract cancers (21) . Therefore, the primary aim of this study was to further evaluate associations between intake of total carotenoids as well as individual carotenoids (a-carotene, total b-carotene, b-cryptoxanthin, lycopene, and lutein1zeaxanthin) with crosssectional and longitudinal changes in BMD at the hip, spine, and radial shaft in men and women participants in the Framingham Osteoporosis Study. A secondary aim of this study was to examine these associations for effect modification by smoking status, because a previous study identified this as an important interaction (22) .
SUBJECTS AND METHODS
The sample included participants in the Framingham Osteoporosis Study, an ancillary study of the Framingham Heart Study. This population-based cohort study began in 1948 to examine risk factors for heart disease. The original subjects (5209 men and women aged 28-62 y) were selected as a population-based random sample of households in Framingham, MA (23) . Of 5209 men and women who formed the original cohort, 1164 cohort members participated in the Framingham Osteoporosis Study when BMD measurements were made at the 20th biennial exam in [1988] [1989] (Figure 1) . We excluded subjects with missing food-frequency questionnaires (FFQs) (n ¼ 333), with incomplete FFQs (based on the criteria of .12 food items left blank in the FFQ), or with energy intakes ,2.51 or . 16 .74 MJ (,600 or .4000 kcal/d) (n ¼ 92) at the 20th exam. Subjects with missing outcome variables (n ¼ 111 for femoral neck BMD, 123 for trochanter BMD, 91 for radial shaft BMD, and 288 for lumbar spine BMD) or with missing covariate information on body mass index (BMI), physical activity, smoking status, multivitamin use, or current estrogen use (in women) (n ¼ 24) were also excluded. The final analytic sample for crosssectional analyses included 334 men and 540 women with complete FFQ and BMD measurements taken at the 20th exam. Longitudinal analyses were confined to 213 men and 390 women who had a complete FFQ at the 20th exam and at least one longitudinal bone site measured. Subjects whose follow up scans were on the opposite side from the original scan (due to fracture or joint replacement) were excluded from the longitudinal analyses (n ¼ 30). All participants gave informed consent for their participation in the study. This study was approved by the Institutional Review Boards for Human Research at Boston University, Hebrew Rehabilitation Center, and Tufts University.
Assessment of BMD
BMD was measured in the original cohort in 1988-1989 and in 1992-1993 at the femur, spine, and radius as previously described (24) . BMD of the proximal right femur (femoral neck and trochanter) and lumbar spine (average L2 to L4) was measured in g/cm 2 with a Lunar DP3 dual-photon absorptiometer (Lunar Corporation, Madison, WI) at baseline. At the 4-y follow-up exam, BMD was measured by using dual-energy X-ray absorptiometry (DPX-L; Lunar Corporation). There were strong correlations between measures taken with dualphoton and dual-energy X-ray absorptiometry, but because of a small but consistent shift in BMD values between the 2 methods, femoral BMDs were adjusted for a change from DP3 to DPX-L technology with the use of published corrections (25) . BMD at the radial shaft was measured in g/cm 2 with a Lunar SP2 single-photon absorptiometer (Lunar Corporation) at both exams.
Assessment of dietary intake
Usual dietary intake was assessed in 1988-1989 with a semiquantitative, 126-item Willett FFQ (26) . FFQs were mailed to the subjects, who were asked to complete them based on their intake over the previous year and to bring them to the exam site, where they were reviewed with the participants by the clinic staff. This FFQ was previously validated against biochemical measures for individual carotenoid intakes in this cohort (27) . Pearson correlation coefficients for women and men, respectively, were as follows: a-carotene, 0.30 and 0.28; b-carotene, 0.34 and 0.31; b-cryptoxanthin, 0.45 and 0.36; lycopene, 0.36 and 0.31; and lutein1zeaxanthin, 0.24 and 0.14 (after adjustment for age, energy intake, BMI, plasma cholesterol concentrations, and smoking). The FFQ performed better among women than men. However, in men, the correlations improved after adjustment for confounders. The FFQ produces estimated intakes for each carotenoid in our study. However, the US Department of Agriculture's national nutrient database lists the combined content of lutein plus zeaxanthin (28) . Therefore, these carotenoids were used as one observational unit in this study. The total carotenoid variable was calculated as a sum of the intake of 5 individual carotenoids examined in this study. Total b-carotene intake was calculated as the sum of dietary and supplemental intakes of b-carotene. Intakes of carotenoids (lg/d), total calcium (mg/d), vitamin D (IU/d), caffeine (mg/d), alcohol (g/d), potassium (mg/d), and total energy (MJ) were assessed by using the food list section of the FFQ. On the basis of alcohol intake, subjects were categorized as nondrinkers, moderate drinkers (,13. 
CAROTENOIDS AND BONE

Potentially confounding factors
Previous studies of this cohort have reported several risk factors for osteoporosis, including age (y), female sex (30) , BMI (31), smoking (32) , caffeine (33) , alcohol (34) , and current estrogen use in women (30) . Other studies have reported low physical activity (35) and low intakes of calcium and vitamin D (36) as important predictors of bone loss and bone fracture. BMI (in kg/ m 2 ), a known risk factor for osteoporosis, was calculated in the Framingham Study from measurements of height at exam 1 (1948-1949 ) measured while subjects were shoeless (in inches); measurements of weight were taken at the 20th exam in pounds (and converted to kilograms) with a standardized balance-beam scale. Because BMI is a measure of relative weight, designed to be independent of height, we included both BMI and height in our equations to adjust for ponderosity and body stature, which may be related to dietary intake and BMD (4) . A previous study reported that use of BMI and height in the model is an appropriate method to adjust for confounding by these variables (37) . A recent article by Morin et al (38) also concluded that either weight or BMI could be used in the prediction of BMD or fractures.
The smoking status of the participants was assessed via questionnaire in 1988-1989 as current cigarette smoker (smoked regularly in the past year), former smoker, or never smoker. Because only a small proportion of participants were current smokers, former smokers and current smokers were combined into the group ''ever smokers.'' Physical activity was measured with the use of the Framingham physical activity index, which asked about the number of hours spent in heavy, moderate, light, or sedentary activity and the number of hours spent sleeping during a typical day (4). The physical activity index at the 1986-1987 exam (exam 19) was used for the subjects who had a missing physical activity index at the 1988-1989 exam (exam 20). For estrogen use, women were divided into 2 groups: those currently using (continuously for .1 y) compared with those who had never used or who had formerly used estrogen. Previous research has shown that there are seasonal changes in BMD in New England (39) . Therefore, for the cross-sectional analyses, we created a categorical variable for the time of BMD measurement: July, August, and September were coded as summer; October, November, and December as fall; January, February, and March as winter; and April, May, and June as spring. A previous study by our group supported the hypothesis that alkaline-producing dietary components such as potassium, present in fruit and vegetables, play a beneficial role in bone health (40) . Therefore, final models were adjusted for potassium intake to examine whether the association of carotenoid intake with BMD was independent of this measure of dietary quality.
Statistical analysis
We tested all associations for effect modification by sex. We also tested the associations for effect modification by smoking status, because previous studies identified this as an important interaction (22, 41) . The Utah study of nutrition and bone health reported that smoking status (never/ever smoker) was an effect modifier of the association between antioxidant intake and hip fracture (41) . This could be because tobacco smoke contains large amounts of oxidants and free radicals that induce oxidative stress-a condition associated with reduced BMD (11). Because we tested 12 interactions (6 in cross-sectional and 6 in longitudinal analyses) per bone site in men and women separately, only interactions that were significant at P , 0.01 were examined to avoid false-positive results. Carotenoid intakes were adjusted for total energy intake by using the residual method because this method is preferred when dietary variables are categorized for analysis (42) . As per this method, carotenoid intakes were regressed on total energy intake to create residuals. Carotenoid intake residuals were then added to a constant, where the constant equals the predicted nutrient intake for the mean energy intake of the study population. Square root transformations were applied to the carotenoid intakes to achieve normality, before creating residuals. We calculated Pearson correlations between transformed primary exposures, nutrient covariates, and fruit and vegetable intakes. Mean BMD measures were estimated for men and women separately by quartile of carotenoid intake by using the general linear models procedure in SAS (SAS Institute, Cary, NC). We then regressed each of the 4 measures of BMD onto the continuous and categorical quartile of energy-adjusted total carotenoid intake as well as intake of a-carotene, b-carotene, b-cryptoxanthin, lycopene, and lutein1zeaxanthin, adjusting for potential confounders and covariates. The analyses were adjusted for multiple comparisons by using Dunnett's adjustment. For analyses of the 4-y change in BMD from exam 20 to exam 22, we regressed the change in BMD (BMD at exam 22 2 BMD at exam 20) onto the continuous and the categorical tertile form of energy-adjusted total carotenoid intake as well as intakes of a-carotene, b-carotene, b-cryptoxanthin, lycopene, and lutein1zeaxanthin, with adjustment for potential confounders and covariates.
All models were adjusted for age, BMI, height at exam 1, total energy intake, physical activity index, alcohol intake, smoking (never compared with ever smokers), multivitamin use, season of BMD measurement (for cross sectional analyses on BMD only), estrogen use (in women), and intakes of total calcium, total vitamin D, and caffeine. Final models were adjusted for potassium intake. All analyses were performed by using SAS statistical software. The SAS user's guide (version 9.1, 2001; SAS Institute). A nominal 2-sided P value ,0.05 was considered statistically significant for all of the analyses.
RESULTS
Sample characteristics
Women represented two-thirds (62%) of the study sample. The mean (6SD) age of the men and women was '75 6 5 y, whereas the mean (6SD) BMI was 24.9 6 4.7 (for women) and 26.2 6 3.9 (for men) ( Table 1) . Approximately one-third of the women and men reported education beyond high school. Half of the women and two-thirds of the men reported alcohol use, whereas more than one-half of the women and three-fourths of the men reported ever having smoked cigarettes. Most of the women (95%) reported no estrogen use. Approximately one-fourth of the men and women reported multivitamin supplement use. The mean (6SD) intake of calcium was 831 6 452 mg/d in women and 763 6 389 mg/d in men. To ensure complete adjustment for body weight, we repeated our analyses with the replacement of height and BMI with height at exam 1 and weight at exam 20. These results did not differ from those adjusted for BMI and height; therefore, we present only the original models.
Cross-sectional analyses of BMD
We observed strong Pearson correlations between a-carotene and b-carotene intakes and between b-carotene and lutein1 zeaxanthin intakes ( Table 2 ). All of the carotenoids, except for b-cryptoxanthin, were strongly correlated with total carotenoid intake. As expected, potassium (a marker of fruit and vegetable intake) was strongly correlated with average fruit and vegetable intake in this study. Because we observed a significant interaction with sex for lycopene intake (P for interaction ¼ 0.003 at the trochanter), all analyses were stratified by sex. After adjustment for important BMD-related covariates, no associations were seen between intake of total carotenoids, a-carotene, b-carotene, b-cryptoxanthin, lutein1zeaxanthin, and BMD at any site in men or women. Among women, higher lycopene intake was associated with higher trochanter BMD (P for trend ¼ 0.02), and there was a significant trend for radial shaft BMD (P for trend ¼ 0.07) (Figure 2) . Women in the third and fourth quartiles of lycopene intake had a higher trochanter BMD than did those in the first quartile of intake (P ¼ 0.06 and 0.04, respectively). In men, higher lycopene intake tended to be negatively associated with trochanter BMD (P for trend ¼ 0.07) (data not shown). There were no associations with lycopene and the other BMD sites.
In women, after adjustment for potassium intake, positive associations of lycopene intake with trochanter and radial shaft BMD became nonsignificant (P . 0.1). In contrast, among men, the negative association of lycopene intake with trochanter BMD became more significant after adjustment for potassium intake (P for trend ¼ 0.005). Men in the third and fourth quartiles of lycopene intake had a lower trochanter BMD than did subjects in the first quartile of intake (P for trend ¼ 0.005) ( Figure 3 ).
4-y Change in BMD
Again, results were stratified by sex, because significant interactions with sex were observed for total carotenoids (P for interaction ¼ 0.0003 at the trochanter), b-carotene (P for interaction ¼ 0.006 at the trochanter), lycopene (P for interaction ¼ 0.006 at the trochanter), and lutein1zeaxanthin (P for interaction ¼ 0.002 at the lumbar spine). Among women, a higher lycopene intake was associated with less bone loss from the lumbar spine (P for trend ¼ 0.03) (Figure 4) . Women in the highest tertile of lycopene intake had less loss in lumbar spine BMD from exam 20 to exam 22 than did those in the first tertile (P ¼ 0.06).
In men, a higher intake of total carotenoids (P for trend ¼ 0.0005), b-carotene (P for trend ¼ 0.02), lycopene (P for trend ¼ 0.009), and lutein1zeaxanthin (P for trend ¼ 0.008) were associated with less loss in trochanter BMD ( Figure 5) . A similar, but nonsignificant trend was seen for a-carotene and bcryptoxanthin (P for trend . 0.10). There was a statistically significant interaction between lycopene intake and smoking status (never smokers compared with ever smokers) in men (P for interaction ¼ 0.0005 for radial shaft BMD). In the analyses stratified by smoking status, the 2 groups showed protective tendencies at different bone sites, with the protective effect more apparent at the lumbar spine in never smokers (P for trend ¼ 0.04) and at the trochanter in ever smokers (P for trend ¼ 0.01) ( Figure 6) . None of the other associations was modified by smoking status (P for interaction . 0.01). 6 Sample sizes were 374 for men and 602 for women. 7 Total nutrient intake ¼ dietary intake 1 intake from supplements. 9 Nutrient intake variables are presented in original scale; square root transformations were applied to the carotenoids before creating residuals. t Tests were conducted using energy-adjusted residuals. 10 Total carotenoid intake ¼ sum of the intake of 5 individual carotenoids examined in this study.
11 Sample sizes ranged from 259 to 340 for men and 429 to 545 for women.
12 Sample sizes varied from 188 to 216 for men and from 348 to 395 for women.
In women, after adjustment for potassium intake, the protective association of lycopene intake with change in lumbar spine BMD persisted. In men, after adjustment for potassium intake, the protective associations of total carotenoid (P for trend ¼ 0.002), lycopene (P for trend ¼ 0.03), and lutein1zeaxanthin intake (P for trend ¼ 0.03) with change in trochanter BMD remained. P values for these associations increased but remained significant at P , 0.05. However, the protective association of b-carotene intake (P for trend ¼ 0.06) with trochanter BMD became weaker. After adjustment for potassium intake in the models of lycopene intake, stratified by smoking status, it was observed that lycopene intake was more protective for change in trochanter BMD among men who smoked; those in the higher tertiles of lycopene intake lost less bone from the trochanter than did those in the first tertile of intake. The mean 4-y change in BMD at tertile 1 was 0.038 6 0.01, at tertile 2 was 20.008 6 0.01 (P ¼ 0.01), and at tertile 3 was 20.001 6 0.01 (P ¼ 0.04, P for trend ¼ 0.05). No significant associations remained at any other bone sites or among never smokers.
DISCUSSION
Although few cross-sectional associations were identified between carotenoid intake and BMD in this population of older FIGURE 2. Adjusted mean (6SE) bone mineral density (BMD) at the trochanter (n ¼ 527) and radial shaft (n ¼ 540) by quartile (quartiles 1-4 from left to right) of lycopene intake in women. Analysis was based on a general linear model, with Dunnett's adjustment for multiple comparisons. P for trend ¼ 0.02 for the trochanter and 0.08 for the radial shaft. Comparison with the lowest tertile: *P , 0.05, y P , 0.1. The primary predictor was energy-adjusted residuals added to a constant, where the constant equals the nutrient intake for the mean energy intake of the study population. Square root transformation was applied to the nutrient intake before the residuals were created. Models were adjusted for age (y) at exam 20, BMI (in kg/m 2 ), height at exam 1 (inches), total energy intake (MJ/d), physical activity index at exam 20, alcohol intake [none, moderate (,13. Significantly different from the lowest tertile: *P , 0.05. The primary predictor was energy-adjusted residuals added to a constant, where the constant equals the nutrient intake for the mean energy intake of the study population. Square root transformation was applied to the nutrient intake before the residuals were created. Models were adjusted for age adults, protective effects against 4-y bone loss were seen for all carotenoids except b-cryptoxanthin and a-carotene at the trochanter in men and for lycopene intake in women at the lumbar spine. These associations remained significant after adjustment for potassium intake, which suggests that it is not due simply to confounding by dietary quality.
Studies have consistently shown that higher fruit and vegetable intakes have positive effects on bone mineral status (2-4, 40, 43, 44) . Dietary antioxidants may play a role (45) ; therefore, more studies are required to clarify the role of fruit-and vegetablespecific carotenoids in the prevention of osteoporosis. One casecontrol study reported that all carotenoids, with the exception of lutein, were consistently lower in osteoporotic than in control women (46) . To our knowledge, only one observational study has examined the association of individual dietary carotenoids (other than b-carotene) with BMD. That study, in an Australian population (n ¼ 68 men and 137 women aged 26-86 y), reported that total-body and lumbar spine bone mass were positively related to lycopene intake in men and to lycopene and lutein1zeaxanthin intake in premenopausal women. In addition, a positive association of dietary b-carotene intake with lumbar spine bone mass was observed in postmenopausal women (47) . A limitation of that study was a lack of control for total energy intake. The Women's Health Initiative Study (n ¼ 11,068 women aged ¼ 50-79 y) found no significant associations with serum carotenoids at any of the BMD sites, but reported a negative association of total b-carotene intake and BMD at the femoral neck (P ¼ 0.03) (19) . Another recent study reported weak but significant associations between serum b-cryptoxanthin, b-carotene, and radial BMD in postmenopausal Japanese women (48) . Together, these epidemiologic studies suggest that carotenoids might play a protective role in bone health. In the current study, we observed a protective association of total carotenoid intakes on 4-y bone loss in men. Additionally, we also observed several protective associations between individual carotenoid intakes and 4-y bone loss in both men and women.
b-Cryptoxanthin and bone health
In vivo and in vitro studies have suggested that b-cryptoxanthin has a unique anabolic effect on bone calcification (16, 17, 49) . In vitro studies have shown that b-cryptoxanthin increases calcium content, alkaline phosphatase activity, and DNA content in the femoral tissues of rats (17) . Uchiyama et al (17) showed that bcryptoxanthin has a direct stimulatory effect on bone formation and an inhibitory effect on bone resorption. This was confirmed in a controlled human trial (n ¼ 21 men and women aged 23-47 y) by the same group of investigators (18), who reported that the intake of b-cryptoxanthin-fortified juice caused a significant increase in b-carboxylated osteocalcin concentrations and a corresponding decrease in serum bone tartrate-resistant acid phosphatase (TRAP) activity (bone-specific alkaline phosphatases) and N-telopeptide of type I collagen-a marker of bone resorption. Despite strong evidence of the positive role of b-cryptoxanthin from previous studies, we found no crosssectional or longitudinal associations between b-cryptoxanthin and BMD in men or women.
Lycopene and bone health
Laboratory studies have shown that lycopene inhibits the formation of osteoclasts and associated bone resorption. Furthermore, it stimulates proliferation and differentiation of osteoblasts (14, 15) . Another cell culture study showed that lycopene had significant stimulatory effects on human osteoblast-like osteosarcoma cells (14) . The effects of lycopene on alkaline phosphatase activity were dependent on the stage of cell differentiation. A small cross-sectional study (n ¼ 33 postmenopausal women aged 50-60 y) by Rao et al (7) reported that high serum lycopene was associated with lower concentrations of N-telopeptides of type I collagen (P , 0.0005) and low protein oxidation (P , 0.05). In the current study, we observed a protective association of lycopene on 4-y loss in BMD at the lumbar spine in women and at the trochanter in nonsmoking men. However, we found a negative cross-sectional association between lycopene and trochanter BMD at baseline in men. Lycopene has often been found to differ in its health relations from other carotenoids, particularly in men (50) . This may be because bioavailable sources of lycopene include tomato products, including pizza sauce and ketchup, which may sometimes be associated with otherwise less-than-healthy diets (51) . Furthermore, we did not adjust for changes in diet over time; therefore, it is possible that, during the follow-up period, men may have adopted a healthier lifestyle and therefore might be getting lycopene from healthier food sources.
b-Carotene and bone health
Several prospective studies examining the association of serum b-carotene with fracture have reported null associations (52, 53) . Similarly, in another study, dietary b-carotene intake was not significantly associated with change in BMD or fracture risk (54) . In the current study, we observed a protective association of b-carotene on 4-y loss in trochanter BMD in men. This association was only weakly associated with 4-y loss in trochanter BMD in men, after adjustment for potassium intake.
Xanthophylls and bone health
Published reports on the xanthophylls lutein and zeaxanthin have shown that a high intake or status of these carotenoids is associated with a reduced risk of chronic diseases, such as cataract (55) and breast cancer (56) . We observed a protective association of lutein1zeaxanthin intake with 4-y loss in trochanter BMD in men, which was independent of potassium intake.
We found that several carotenoids had a protective effect on 4-y bone loss in the men in our study. However, in women, only lycopene protected against 4-y bone loss. We have often seen different effects of dietary constituents on BMD between men and women. This sex difference may be due to different osteoporosis risk profiles, including hormonal interactions, or differences in distributions of intake. Because, with the exception of lycopene, men generally consume fewer fruits and vegetables than do women, it is likely that more men than women had a lower exposure to dietary carotenoids, which thus made the associations easier to observe.
Magnitude of effect
Our group previously reported an adjusted risk of fracture for each SD decrease in BMD of 2.5 (95% CI: 2.0, 3.5) at the hip (57). The results presented here for the relation between trochanter site and lycopene intake showed differences of '0.04 (7.3%) and 0.07 (7.7%) g/cm 2 from baseline BMD for women and men, respectively, between the lowest and highest quartiles of intake. These differences are greater than those we have seen across categories of other dietary constituents (58, 59) . Furthermore, there was a difference of 0.04 in 4-y loss in BMD for women from the lowest to the highest lycopene intakes. The SD of baseline BMD was 0.13 for women. Therefore, if losses continue at this rate, these differences in loss may be expected to translate to an estimated increase in relative risk of 2.5 for fracture in the low lycopene intake group, relative to the high intake group, over '17 y.
Carotenoids may protect the skeleton by reducing oxidative stress, which thereby inhibits bone resorption (5-7). Oxidative stress may increase bone resorption through activation of nuclear factor-jB protein, a crucial mediator of tumor necrosis factor-a, and osteoclastogenetic activity (60, 61) . Other mechanisms may include nonantioxidant biological activities of carotenoids and their metabolites, such as retinoid-dependent signaling, stimulation of gap junction communications, impact on the regulation of cell growth, induction of detoxifying enzymes (62), up-regulation of the expression of genes such as connexin 43 (63) , or by interacting synergistically (particularly lycopene) with vitamin D on cell proliferation, differentiation, and cell cycle progression (64) . However, the impact of these mechanisms on bone metabolism still needs to be evaluated. There is another issue relevant to the effect of carotenoid intake on bone that deserves attention. Too little or too much retinol may increase age-related bone loss in women (65) ; therefore, provitamin A carotenoids such as a-carotene, b-carotene, and b-cryptoxanthin could possibly contribute to the bone-sparing activity of retinol (46) . Furthermore, published reports on demonstrated synergy among carotenoids [eg, between b-carotene and lutein (66) ] suggest that the strong protective role of total carotenoid intake among men in this study may have been due to a synergy among individual carotenoids.
The current study is unique in that it uses a large populationbased cohort that included both elderly men and women. However, this study had some limitations. The dietary intake measures were derived from an FFQ, which is a semiquantitative instrument. However, these intakes were previously validated against plasma carotenoid concentrations in a subsample and were shown to have good predictive agreement for all carotenoids, except for lycopene in men. Another limitation of this study was that we examined only dietary intakes and not serum carotenoid concentrations. Complete dietary data were available only at baseline; therefore, we were unable to adjust for secular changes in diet during the follow-up period. Additionally, the enzyme carotenoid 15, 15#-monooxygenase (CMO1), catalyzes the first step in the conversion of dietary provitamin A carotenoids to vitamin A. In some cases, haploinsufficiency of the CMO1 enzyme can prevent this conversion (67) and can affect the proposed association of carotenoids with BMD. Finally, in any observational study, residual confounding may occur, despite control for several major potential confounders.
In summary, although we observed few cross-sectional associations between carotenoid intakes and BMD, we observed several inverse associations between carotenoids (exceptfor b-cryptoxanthin and a-carotene) and 4-y loss in BMD in men and of lycopene and bone loss at the lumbar spine in women. These results suggest a possible protective effect of carotenoids, particularly of lycopene, against bone loss in older adults. It is therefore possible that carotenoids explain part of the previously observed protective effects of fruit and vegetable intake on BMD. More studies are needed to examine these associations in other populations.
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